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‘1’orographic ill~:tging c) fthciol~os~>hcrci sex:tll~inecl

using s i n g u l a r  \ral LIe decompos i t ion  ana lys is ,  I’hc

it~telclel>el~(let~cy olthc obtainable resolution, the accuracy

01” [Ile so lu t ion and the data noise, is  expla ined.  A

sinlulation is illustrated where a true 2-I) ionospheric

Stl LIC(UIC? is generated, and a tomographic invcl”sion  o]thc

struclure is carried out, Inclusion of’ data taken in an

occultation gcc)ll~etlyl-eve:ilstt]e  sttengtht  hat is added  by

these data.  The effect of the ionosphere on a(il’S signal

as v iewed by  a  user  in  space is e x a m i n e d .  Under

somewhat strong sol:ircorlclitiorls, the absolute bendia: 01

thesignal is(~lttle orclerofo.ol degrecsforthcl]  signal;

thcphaw advance can be as large  :is 90n~etel-s.

IN’1’RO1)LJ[’I’1ON

When a radio wave travels through the ionosphere, it

experiences a group delay or a phase adv, anee tha~ is
proportional to the total electron conlent between the

transmitter and the receiver, The total electron content is

detlned asthc line integr:tl of the ionospheric free electron

dens i ty  between the t ransmi t ter  and the rece iver .

Measurements ofT}~C ha~’c been achieved by dil’fetent

techn iques wi th  d i f fe rent  degrees 01 accuracy a n d
pl-ccision; all ot’ these techniques involve a radio brw:on

satellilc and a receiver. With an array of receivers tracking

thcsarrre  ordift’erent satellites, it is~>ossit>lcto(~bt:tirl”  aset

of intersecting links with a l’liC nleasurerncnt for each
]irlk. IllsLlc}l c:lse\\;e ha\'e:l silLlatic)rl  sitllil:lr l()l}l:lt oi’~-

ray projections in medical imaging where the image can

b e  o b t a i n e d  u s i n g  invcr-sion  rncthwts. LJnlike  ir]edical

im:iging howcwr, in ionospheric irl~agirlgtt~egeorl~ctr-)  of

the intersecting links can be quite, arbitrary and theretbre

in many situations it lacks the suft’icicnl strength 10

provide a unique inversion. in this case one can only

reconstruct n solution which contains cbaractel-istics  (hat

the data arc able to resolve,

l’t~epossibility ofcl(~ir~g  2-1) i(~r]osj>l~erict  c)rr~ogr:il]t~y”

}]as been considered by many au(hors.  Work by l<:iyn)LInd

et. al. [1990] :ind  Ych and Rayrnurd [1991] showed the

limitation of ionospheric tomography as obtained f’lorn

ground data alone, “l’his is due to the lack oi’ links {hat

cross the ionosphe.rc  in a tangential gewlmtry.  l’hese links

can only be provided by a transmitter and a receiver in
space viewing each other in :in occultation geornetty, In

an radio occultation geometry, a transn]itting satellite is
scttingm rising bchincl  the c:tr[h’s:itl])osl)  t]cr-e:~\  seen by a

receiver in space. Ra(iiu occultation techniques b:ivc a
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‘J’he filst set (J1 cal-lh  atmosphe[ ic o c c u l t a t i o n s  using

(il’S will he ;Ivailablc when an 800” Km altitude orbitcl,

C; I) S-MIYI’, w i l l  be ]aunchd in early }994. Ci}’S-h411’l’

will ha}rc a J1’1, d e v e l o p e d  high p r e c i s i o n  I-cceivel-,

Cal)ablc  01 (racking 8 Cil)S saleltitcs sitlllllttll~cotlsly. W i t h

an all-looking anlcnna this low cal-th orbiter (1.1X)) will
pro~idc OVCI 200” occultations daily, evenly distribLlted

()\’cl the :I(lbc,

In this paper, we examine ways by which a 11;0
tt dcking Cil’S  can bc used to imap,c the ionosphere. I’his is

done  in two ways, One is to cotl~binc  the 1.IiO-Gl’S links
ivith ‘1’liC; da(a  I t e m  t h e  ground i n  a  toll~ographic

appt-(ulch.  I’hc other is to LISe the 1.JX)-G1’S  o c c u l t a t i o n
gc{Jll~ctrY to obtain high resolution vertical protiles of the

i{)ntwpherc.

in what fol lows wc  work OLII a 2-J)  example  wh ich
v.’ill  sctvc in defining the problem and answering basic

(Iucslions such as the expcctcd resolution and accuracy its

a fLlnclion of the geometry  o f  (he t r a n s m i t t i n g  a n d

lc’ueivinp c-lemcmts as wc]l as ciatii noise.

I’ltl)AGO(;  lCAl/ ItXAMI’I/It

(’or]iidc.t It]c gcornetry ()(’ I’ig, I , whctc we divi[ie our

region of interest (a rectangle of 30(K)x450° kln2) in to

20X20” pixels. (’onsidcr a  t r a n s m i t t i n g  s a t e l l i t e  to be
passing  above this rcgiorr, :ind  three receivers located on

the g[OLlrld below this region as shown in the l;ig.. I’he

cot-resl~(>r~(lirlg, links bctweerr the t ransmi t ter  and the

rc’ccivcr  are a lso  shown.  On ly  rncasuremenls its low :is

1 3(J clcvlilion from the sicie receivers and 200 ” elcv:ition

Iron] the rniddlc.  reccivci-  are included in our ciata set. ‘1’his

is to guarantrc that there  is no extra contribLltion (o the

‘l’l;.(- from oLllside  the region of’ interest. We also assurnc

tliat tbc  free electron density is negligible :tbove  this
r~~piorl s() that “I’};(’ rrlcasurcrnents  a r e  clue o n l y  to tJlc

clcctrc~n dctisity that  l ies  most ly  w i th in  the region of

inter  t’st.  ‘1’his awurnption is not generally valid since the

ionusphclc extends well above  1 ()()() Km, but this example

tvill illilstrate the dependence of the sol Lrtion on sevcrat

f;tclors sLIch as the geor~ietry  of the links anti tJ~e choice of

a particular - ba$is to sp:in  the solution (in this example oLlr

ba~is is ii set of pixels). l’his example is valid }wwever, if

the transnlitting satellite is tit a height cornpartible to 450

kr]~, We riumbcr our J~ixels from 1-400,” with 1 beir~g the
I)ixel in the lower Iefl comer as shown in the figure.

Jet the electron density function be denoted by j(r).

Our- Y’/;Cj  nicasuremcnt is then given by

where tt]e integritl is along a specitic link i. We ch(lo~e

the following ba<is to sp:in LJUI soliltion

.fi(r) = 1 ifr c pixel i;
=  ( )  o t h e r w i s e

(2)

W e  a~]~)roxirl):ite  ~(r) by its digitized lunction, f{~(r),
~vhich is defined by

400

J(r) = ~ Xl L(r).
,, I

(3)

wfhcrc Ji is the aifei:ige off(r) in the Itt] pixel. Our - set 01

eqLrat ions (Jk]. ( 1 )) can theli bc writteri in a ri~atrix  t’or-111  [is
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Fig. 1. Viewitfg geometry (offscalc) [li~’iditlg the
iotlosptwtr itito 20J-20 pi.xel.q.

where l’I~C i s  a colunln of nt n~casurclrlents,  X  i s  a

colLrn~n of tl Llriknowns,  A’ is a col Linln representing, the

error clile to data noise  and discreti7.ation. f) is a ttf x 11
rlifitrix with l~ji being the length of link j that lies in piket
i. Iiach elerl}ent  of 1.;, deno{ed  by  ~j , i s  a functi~~n of IWO



hc(ivccr~ the actual Ineasul-cnlent  ;Ind Il]c o n e  o b t a i n e d

fr{)nl [he d i s c r e t e  ima~e, (iiven t h e  high ptecisioli
lllL’;I\IIIL’IIICII[S  of’ 7EC that  can bc ohlaind ~vith the Cil)S

systt’11), 0; is don)inatccl  by (he Iattm of’ these two crlors.

l;UI {lwrli](~lc, the cm)] introduced by discl-etiz,iiti(m  is also

a t’Llnction  01 (he. sim of the pixel and the variability of’ the
lllcdiLlnl i tself ’ .  ‘l’hcl-t’l(}l-e  Oj will be larger t’or bigger

pixels and I’m II]orc va[-iability in the ndium. Ikloiv we

a~sut]lc  Oj =  a 101 ;111 j’s. I’he imporl aace 01 deter  [nining

0 wilt hecon~c evident t)elow.

It is ill~p(nlant to notice that in the cxat]lplc of I:ig. I,
sonw  pixels cfo not have  any links passing through them,

‘1’llcsc clctl]cnts i n  X and the i r  co!-! cspondinp, null

colut IIns in 1) have  to be r e m o v e d  from Ikl. (4) at the

OUIK(  hcfbte any inversion process is :itlcmpted. Once we

do [hat  lor the example of’ F’ig. 1, we end LIp with n=392

unknown pawmcters. C)n the otk hand we have m=476

Illeasurcmcats.

(;encral]y, f) will not be of fLlll rank; namely, only f.
<1)1 eqLlations exist that are l inearly independent,

Morcovel-, the number of independent cqua~ions  1, < n,

[Ilc null)bcl of” u n k n o w n s . I’hcrcfore, w e  h a v e  an

Lttl(lercletertll  itlccl problem, Singular value decomposition
(SV1)) of” the matrix 1) allows Lis to remove the linearly

depcnclcnt e q u a t i o n s  f r o m  oLlr se t  of’ eqLiations.

l’crl~mling the SVI) we write

])=[JWV7 (5)
t)l Vll ttl Xl.  I,YI. I.1’tl

tvhc[c W is  a  d iagonal  [,xt, nlatrix with i ts diagona]

cicnlcnts equal to (}\’/, M12, ,.., HI,) which correspond to the

nommr{} singular eipen-values of 1). ~be columns of U

and V are (tic corresponding left ami  right singular eigml-
VCCI(MS  respectively. ‘1’his f’ktot-imtion allows us to bteak

the paranwter space of X into twO veclm spaces. The first

is tlw onc  spanned by the columns of V = OJ/, 1’2, ,...l~,)
Ekch  of” these vectors corresponds to a linear combination

of the original palamctcr space which can be solved for,

with a variance giwn by

I’he second  region corresponds to the null space which

is the pat-l (If Ihe paramcler space to wbicf) our data are not

scnsilivc.

‘1’hc singulal v:ilues (SV) of our example is shown in

l;ig. 2  a f ter  being sor~ed i n  d e c r e a s i n g  orcier.  I’he

following observations are to be made: Ike first 340

singular va]ucs  ( S V )  d e c l i n e  by [hiec.  ()][icrs 01”

n]a~nitucics.  A  s h a r p  Cutoff appcas beyond the. 3.10ttl

singular v a l u e .  ‘lhc iargcst singulal vaiue ]t~ corItS\poIILis”

to the bcs( cictet [l~incd  linear cOmhinatiOn ()( the paI al~)ctcr

s p a c e ,  narne]y the plo(iUCt 1’/ 7’ X., I’h secOII(l s i n g u l a r

val LIe 1t,2 ct)t-tcspond$  to t h e  sccorld  b e s t  detcrtuincd

lineat coltlbirlation of the par:lrncter sp:icc,  and so (Ja, ‘1 hc

geometr ica l  interf)retation of’ the eigenvcctors ]i is that

the first vector ~’/ is the vecto] that is ttlost  nearly J)at-allcl

to the rows of [); (hercforc, it is tbc Il}ost  neat {y palallc]

to the direction of oL]r links, l’he seconci vectc~r is the one

that  is  tllost n e a r l y  p a r a l l e l  to the r e m a i n d e r ,  etc.
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f’i~. 2, Sitlg[i/ar  Vcilttes oj_ 1}/e c.wtnplc  c~ F“i,q, 1.

I’hc Icast square  solution for the system is given by

x = v w “’ (17 (715[’) (7)

and the sol Lltion covariance by

c[n’(x)=c  T~vw/-2v7 (s)

The solution given in l;q. (7) is undctel l]~ined  LIp to iin

arhitrfiry linear combination of the vectors spanning the

null space. By not including :iny  crf these vectors, wc tire

choosing the least norm solution among ail other possible
sol Lltions.  la the presence o f  sorlie apt-iori knowlcd:e

about the ionosphere, one would set up the problertl in

cxactiy the same way  as above. X wouid corwspon(i to

the dev ia t ion f rom the apriori assurnd valLies for Il\c

electron densily in each pixel, and ~’f<;(’ woLilci be the

difference between the meas Ltred value and the onc

calcu]atcci  baseci on tbc apriori.



A fLInd:ii]Icnlal iSSUC  remains which is choosing [he

nLltllbcr  01’ nOrl-zrr(~ singular v:ilues,  li’~ , tO ill CILld C in OLlr

s(llutitm. 1( is impollant to note  I t e m  }Lq, (7) [hat Ihc tl]ole
sin~ulat V: IILICS we i n c l u d e  itt  the sOlut iOn, Ihc c]mer we

pe( [0 ltw trut’ sOILtliOn. on the Othcr ]Iand,  including mOre

and thcrct’Orc  sn)alle[ singular values  caLlses the sOILlt iOn

Lx)v:iri:lllce  10 pt{)w vely rdpidly as ctin bc s e e n  from llq.
(s), ])iffclctlt  mc[hods have hccn  apl)lied in  choosing a

cutc~tl’ \’;lluc 1(~1 the nLlln13er Of” singular val  Lies tO incl Lldc,
[Wiggitls 1972 and rcf’etcnccs  there in ] ,  I’he m a i n  p o i n t

bc’hilld  1110S( O f  thL’SC  lllCthodS  iS 10  Ctl(md  :1 CUloff,  I,(.,
such that  the variance asscrciated with the corresponding
~igcll\,ector  ;Is gi\~et~ by llc],  (6) In:ikes physical SCJISe.. Ikw

inslancc$ in  the e x a m p l e  :hoVLl,  SUPPOSC  W’c h a v e  t h e

t’llcll in th~ 7’f;C.’ m e a s u r e m e n t  c3 = 1016 (c/]n~),  ~’his

erlor is due tO data nOise and discretizati On as explained

enl-licl. ‘J’hcn a cLltOl!’ at I ()() km wOLIld cwrles}mnds  tO

I () 11 (C/In3  ) 01 uncer ta in ty  in  the elcLIrOn d e n s i t y

occ{)lding t<) I ;q. (()). {iivcn [hat  tbc  electron dcnsi[y to bc

tL’co\,L’l cd c a n  be of” the san)c order of tllagnit Ldc  O r
~lll~tllcl, [ h i s  illlplics  t h a t  <Inc sh(~uld nt)t try 1~~ illcludc

IIIIJIL.  (in:al;ir \: II L]cs in the solution.
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l’i~. .1. 7116  t[’cc)tl.vlritc tiott of ii unit impltlsc  tespome
ill pi I(’I 270, itlclwlitlg  IO() ,sitigul(!r Wllucs.

Iig. 3 sh(~ws  the sOILltiOn f’m a Llnit impulse fLlnctiOn  in

p i x e l  270 (SCC  l~ig.  1 )  which corresponds to t h e  2 7 0 th

colLIIIln  of VVy ’ with 100” sirrgLllar  val  Lws included. I’he

rcconstl-ucted  image Icsen)bles  a 2-I) sine fLlnction  with a

p e a k  valt]e of .38 a n d  a  w i d t h  c o m p a r a b l e  to the

dimens ions of the pixel in the horimntal and vertical

ditccti Ons.

In mlcr tO characterize the resOILltiOn Of’ a sOILltiOn, we

def ine thr rcsOluti  On Of pixel  i in a specific dimensi  On as

ttw  lengttl of pixc] i in that ditllcnsiOn tJ\er the hciyll( (JI’

t h e  ICCOIIS~l  llC(NI  illlplll  SC fllncti(m  of th;ll  pixc),  \~ith  lhi~

def in i t ion we proceed  tO ex:ltnine the s(~lutit)n  in ii gi\cn
p i x e l  btlt w’itb  the dit’lclent llLltnbers  01” S V  iI\ spccif’iccl

dmvc. l:i.g. 4 shows  the Imrimntal Llnd vcrlic:ll rcs(~lLltitJn

\’crsus  the standatd  deviation fm pixel ? 7 0 ,  ‘1’he nLltllhcr

Ot SV incl Llded is indicated on the t’ip Llre at dilt’crent

pOints, lla~ed On  t h i s  figure,  if 0 = Iol “ c/11}2,  t h e n  the

uncertainty in electron densily al pixel 270 is about  1011
3-c / m -  i(M l.[ = I 50. ‘1’hc cOllesponding Icsolution is dtmut

3 0 0  ktn  in ttLe hOriz,Ontal  a n d  45 kln in  the \’crli L’:11

dimcnsi Otis.

SIhi[JI,A’1’10N

We p[mced by generating data based on a 2-1) slice  of

t h e  iOn Osphel-e (I:ig. 5 ) .  I’his 2-I) :l-id w h i c h  w a s

generated by the l’alameterimd Ionmphc[ic Model (1’lM)

cmresponds to the electron density at () geomagnetic

lc)n,gitLlde, 12:()() hr. Llni\rersal  time, Scptcttltm 26, 1992,

and e x t e n d s  fcwm -80 tO +80 Iatitl) de. I’he densi ty  is

representative 01 the iOrrOspherc during the day time, with

o solar spot  n e a r  solar n~aximunl. 1’IM is a wol-ldwidc

electron cicnsity protilc I~\miel,  (icvelqwd b y  1). N,

A n d e r s o n  of the Air ]orce I’hiliips I aboratory. ‘1’his

III(xicl  is a p:il-:itneteri~ed v e r s i o n  of’ the ~Jtah S t a t e

i-University mwiel, which is a cmnplete, f’ilst principles,

ionospheric modci Llsing a s  inpLlts  t h e  solat UV flux

wavelength  pro f i le ,  the FIeciin neLl[ral  winci  mmiel, [hc

MSIS-86 ncLltral  atmmphcre model, and an electric ficlci

model obtairuxi from all available expcrirlmntal  ci:i[a. l’he
2-11 profile has a bLligc  near  20 (icg.  notth Iatitucie.  A

verlical im)fiie at that iatitucic  is given in l;ig. 8. l%e tvm

peaks  cOrlespOnd  tO the 1:2 peak at 400” km altitude atd

the H peak :11 -1oo”  krll altitucie,
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W e  Iilnit Oul- i m a g i n g  tO Ihe rcgicrrr he[ween -3010 30

dcgtec Iatitudc and between 80 to 1000 km altitude, We

divide the rt>ginn into 15 pixels horizontal i ty and 25 pixels

vcltically. WC place three gt-t)und rtceivet-s at -30, 0 and

30 latit Ll& with a data pOint  taken  every 2 dcgrccs  dOwn

tt~ 15 dcgtec clcvatim. I:ig. 6.a strews the, rccmstl uctim

O f  t h e  mgiOn  assL]lning  nrr apriOri krmwle.cige.  l:ig. 6.b

slmw’s the mwnstrmctim USil)F  t h e  s a m e  cOniiguratiOn  as

bci’(>le but  with an apric)ri  elcctrwn  dens i ty .  I’be apricmi

used is  a  ))lofile dens i ty  tha t  i s  Llniform along t h e
Ilotizontal dilncnsion. q’bis  was crbtained  b y  a s s u m i n g

tlw I)rescncc  of a satellite that sarnplcs  tbc rc, gion from

space in an Occulting gtmnetry. in solving for the profile,

@~el  i~al sylnnlctry W~S :Issllnlcd.  The difference between
the [IV(I r-tm)nstructecl  images in l~igs. 6.a and 6.b reflects

[Ilc irrlpor-tance  01 data frOnl s p a c e ;  a fact  that  was

Ictlec(cd clearly in the iOnOspheric  tOnlOgraphy  literature

ll<ayrrlLlr~d 1992 anti references tbcrein]. I’be lack of tbc

grt~und data alone  tO captLlre  any h0ri70rrtal strLlcturc  is

d u c  10 lhc strOng cOrl-ela[iOrl  d’ t h e  g r o u n d  d~ita at al]

e levat ions wi th  that  of the zenith n]easurerncnt. I’his

~xwrcla(ion  tnakes  the f) matrix highly sir)gLilar,  and as

explained earlier, only l inear corubinations Of clectmn
demsi[ics  thitt ate llmstly parallel to the ckrta links are well

dctet  rllincd. l:ig. (),C is the case wberc thr same data frmn

pr{~und is used in cmljunction with three occultations

hapllL’nirlg  in the satne 2-1) plane with the tangent pOint  crf

tl)c (wcullati Ons al -IS, () and 15 cicgrec latitLlde  ancl all the

d a t a  at’c sOlvcCi fOr sirll Lrlt:irlcc)tlsly  in a 10nlOgr:iptlic

inversion. In this case, we start  tcr distinguish sor~lc of [he’

tl)orc cictaiie(i feat Llt’CS  of the 2-D structure, such as the

preseacc  of a bulge near 20 clc.g. latitude. In all of these

three cxalnplcs. t h e  srnalle.st  cutOff inclucicd i n  the
solution”  was  equiil  to 1 (K) km,
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IONOS1’IIKRIC”  OCX:tJl,’l’ArJ’lONS

St) I’hr flight data has bmn used 10gethcl- wilh grOLlnd

dald mmlly in  the ccrn[ext  Of  tOtn OgIaphy  wllel-e  krth

ll{JtizOnlal a n d  veltica] resOILjtiOn a r e  being solved f’Or

siltltllt:ll]cL)Llsly.  A second  nlanner by which the flight data

can he analyzed is by a direcl inversi On prwcess w h i c h
~,i\,L.~ )ligh reso]lltion”  vcrtic:ll pr(jtilcs Of ’election dens i ty .

}VIIen (he s igna l  i s  occulted by  the  atn]osphcrc, it is

l) Opplct- shif’tcd  and bent in a way that  is directly related

I(J the index 01’ rclract iOn 01 the mcctia. l’hc analysis

requires cOnlpLltin.g  the nsynlp[Ote  miss distnnce  (a) as a

tunction 01 the bending angle  (a) (I:ig. 7); the refractive

i n d e x  disttibLlti On is fOund  frOnl  d(a) by sOlving a n

Abclian in tegra l  equat ion under  condi t ions of 10caI

sphcl’ica]  sytnmctry [l~cldbc) 1971 ]. M o r e  geneially, t}]e

ionOsphcl-c  c a n  bc d i v i d e d  intO  l a y e r s  O f  cOnstant

lef’r:ic[ivity of predctcrmincd a r b i t r a r y  s h a p e s .  I’he

(wculting signal can then bc raytraccd to determine the

rcf] acli\fity in eat}) ]aycr.

\ t AR’ltl )

‘Il]c \’crtical rcsolutim ubtainabte from an occultation

Ilwasulclllcnt i s  se t  by  the  f i rs t  }:rcsncl  7L)nc  w h i t } ]

~w[lcs}mnds  to about  1.5 kIIJ for a reccivcr in whit at an

altitude of 700 kIII  &serving a CT1’S satellite (Kurs inski et,

al., J a n .  1993). h o w e v e r ,  a  t r u e  l i m i t a t i o n  i n

rcconstl ucting accurate, iOnOsphel-ic  vertical prOfilcs Of

clcctmn density from occultation data alone  is CIUC  to the

Illatively I:tt-gc lmrimntal stt-uctul-c that the signal has to
ptobc causing the spherical symmetry :issumption to be

inaccurate. in what follows, we will examine how well
onc  CaII  do by ignoring  [bc horizontal graclicat,  a n d  m e a n s

01” i[tlllr-oving  th:lt.

We usc Our simulated strLlcture  as bcfOrc  as Our tt-uth.

\Vc  assulnc  a geornc[ry whereby a 1.1{() is occLlltin~ a

Cil’S  satellite, with the tangent pOint  01 the OccLlltatiOn

link hcing at 20 dcg  latitLde (tbc tangent point is the point

along the occ Llltatiori  link that is c]mest to the c:irth). I’his

latit Llde corIespOnds  tO the rcgiOn  Of nlaxinlLlnl clectmn

dcnsily in OLlr ? -1)  gri(i. l’hc prOfile is stwwn in I:ig. 8,

I’he aln{~Llnt of’ bendinp a n d  \ignal dci:iy aj a f’unLti(ln  LII

tbc hciglil 0!’ Ibc tangent  point is sll(~wn in lip. 9 IL)I thL’

(31’S l.1 sipnal. I’hc ncg;ltive delay i[llp]ics a  pl]asc

advance, A pmiti\~c sign o!’ the hcnding angle  is sLich [hat

the curvature 0!’ tl~e ray is ttm’ard the ccntcr Of the c;ll-th.

‘1’hc bending of the ray is directly proportional to thr

anmunt of’ Ikpplcr shifl that the ray cxpericnccs,  which in

turn is prOpOrtiOnal  [0 the phase cbangc,  ‘1’his cxi~lains

why the bending changes sign at t}le pOint  whclc Ihc drlay

is a t  a  tninirtl Lltn nc;il- tllc 1;2 peiik, “1’hc mcillati(lns i n

bending near the Ii region arc similarly duc to the cl]ongc

in cLlrvat  Llrc 0!’ [he delay. 1( is w~~rtll n(>ticing  that eicn

(i Lrring  the day t ime and near  sOlar nlaxinlulll. Ihc

abs O] Lltc bending dots  nOt cxcecd ().()1 S dcg!t’cs, l’hc

abs OILltc delay On the Othcr  hand is abOLlt 90 meters ,

w h i c h  cor[-esporlds  to a total elcctton content  o!’ about
~50x  ]() I f) e/r,12.

‘ooot’lk : 7T%$:!”’’”):+--+ —True N at 20 deg Iat

t
800+..,  . . . . ..$ . . . . . . . . . ..{ . ...3

:=.
. 1 . 0 1 0 6 - s . 0 1 0 5 0 .0100 5 .0105 1.0106  1.510’ 2010’ 2s 106

E Iec!fon  Density  (dCInA3)

fig.  A’.  7't14f> fit/[it-f>([>tl.  vtt[4(lf'cl<>l [>cft[lt[~l('t  l.Yily  1(.\itr,r;

t It’{)  dlflel”(’ti  t (lpplodlcs.

(iiven t h a t  t h e  b e n d i n g  i s  s m a l l ,  i n  t h e  ft)llc)iving

analysis we will ass L)n~c that the signal travels alonp,  a

straight path connecting the tlar~snli[ter :ind the receiver.

Assurninga l()c:illy  s[>heric:illy  syr~~rllc[ric tltlrlos[>l~erc. w c

sOlve for the clcctrwn  density pr-of’ilc at the tangent point,

which wc chmm to bc at 200” latitude. l~ig. 8 shows  the

rcconstt Ltcted profile (open sqLiatcs,  Iaheled  hy “Rec. N

(Unifmn)”). ~’his solution underestimates the trLIc pmfilc,

I’hc reason being that  the true clcctmn density profile at

20C) cOrrespOnds to a  m a x i m u m  i n  t h e  p l a n e  o!’

m’cu]tation, ~’his  implies that the signal would  bc slower

on both sides of the tangent puint; therefore, on the

average, it wOLIld ,givc a srnallc.r  estirr late  01’ the electlon

density. }Iowcver, under genera] conditions, when the
l>r(>file c[~r~esI>c)r~(l stc>ncithcra lnaxirnurn rlor:irllirlitljlltll

with respect tO its surlmrnding area , a cancellation effecl

takes place and a Ilmre accurate recOnstrLlctiOn  can hc

ohtainc.d,  lk)r instance, iffm each layer t}lat  the signal is



pa\sing Ihlc}ugl], wc have a hOr-i?i)n(al  gradient that is

ctlanging Iincarly :is a function of the arc length lrot)) the

[anpenl point Of OccultatiOn,  the signal slOws dOwn and

speeds LII) a[’ound  the tangenl poinl by exactly the same

allltlunt, S(J tl)ill  ltw estimated reltaclivity is exactly [hat  Ot’

[he tangen( point. in  the nlOr-e g e n e r a l  case. all Odd
c(~rnlx)acnts  Of [he h0ri70ntal gradient arOLlnd the tangent

I){)int  canrel; lhe (~nly ternns thal contribute tO the er-i Or irr

rcfraclivily aIc  the even  terms. ‘1’his is explained t’urthel-

by  Kursinski ct. al (Apr. 1993).  Another  prublern of t}lc

rcconslrLwtcd  prmfilc is that it depicts a negative electron

dens i ty  a t  (he  bottorl] of the ionwphcre,  which is a
physical irnpmsihility. I’his can be L!scd as a n  e x t r a

Lxlrkltaint 10 improve the results, part icularly in (he Ii

region.
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I’i<q. 9, lkl{I> [Itd betlditrg  Of the  GPLV 1.1 sigtwl  {Is it
lm~’els lhr  P {Itlh’s  itmmphetr.

A f i rs t  order inlprmvernent over t h e  s p h e r i c a l l y

syll~nletric assurnpti On is tO divide the iOnOsphcre  intO

pixels in the sat~le rl]anner that has been done for the

tomograph y.” I’hcn cOnslrain p ixe ls  ly ing  nex t  tO cacb

other  horizontally (i.e. in the same layer) to have a given

functional 1’()]  I]) with an undcterrninect  scale factor. I’his

functional i’or-111 can bc the same for- all layers, or different

Ior dil’lcl-cnt layers, “1’kn One can solvc i’m the Llnkrmwn
scale  factor for e a c h  layer, I’his re(iuccs a 2  or 3

dit~lcn~iona]  prc)blen~ into a one dimension problerl) where
(~nly tile scale lactm has to be fmrnd for e;ich  layer. la I~ig.

8 wc shmv  the reconstructed profile when the same

lLrnctional f o r m  i s  a p p l i e d  to all t h e  l a y e r s  of t h e

i{~nosphere,  ‘i’he  applied fmm is the one  that describes

Ilorimntal changes in grwund  zenith I’l K rneasur-ernent,

S u c h  tllcasurelncnts  are. availabic frcrm nmkls m real

rlIt-:i\l)lell~cr]ts,  [Wilson et, al. 1993. ] With the application

01” a hOriz Ontal g r a d i e n t , t h e  sOlutiOn inlpr Oves

appreciably. A scc(~nd tmler in~prc~vcn~cnt is yet p~)~~iblt~

by applying ditl’crcnl hmizonta] gradients 10 the dit’1’ctc’nt

layers, as can ho obtainecl  from nea~by (~ucultatic~rls, “[’his

has been suggested and is cur-tentty  under  ini,c<[igations

by Yarlr  Chiu and his colleagues al 1 .Ockhmd,

CONC1,[JS1ON

W h e n  tt)rrlOgraphy is etrlploycd to rcconstruc[ ttre

iOnOsphcl-c, {Jnc shOLlld :ilways expect it~sufficient sttL.t~g[h

in the dala  tO 0t3tain  a unique sO1ution, Resoluli  On and

accuracy are vrry rrluch  dependent On the Irlmiel Llsed, the

variabil i ty of the n~ediLln~ and (~n the data noise,  (’arcfLrl

examination of the numbet  of singular vai  Llcs to incl Lldc in

t h e  solution is needeci in order to obtain a  s e n s i b l e

Wlllti[)n.

i o n o s p h e r i c  trrmography  i s  g r e a t l y  in~proved  b y

incl L]ding  d a t a  obtained from s p a c e .  Ground 11.(’
r)leas Llre[ncnls  lack the sufficient strcllgth 10 sense the

vert ical sttLrcture  in the ionmpbcrc. A low, earth orbiter

Obserk’ing  the [il’S plc)vides  a dense glob;il cok,etag~  Of

o c c u l t a t i o n s  w h i c h  can be Llsed by t h e m s e l v e s  or in

conjunction  with available gr-c)Llnd data to obtain a gl[)bal

high-resolution global 3-1) distribution of elcctrx)r~s.
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